Abstract. We describe a wide-field preclinical imaging system optimized for time-gated detection of quantum dot fluorescence emission. As compared to continuous wave measurements, image contrast was substantially improved by suppression of short-lifetime background autofluorescence. Real-time ͑8 frames/ s͒ biological imaging of subcutaneous quantum dot injections is demonstrated simultaneously in multiple living mice. © Colloidal semiconductor quantum dots ͑QDs͒ are fluorescent nanoparticles used for imaging of biological particles over multiple physical scales, from the molecular 1 up to the organ level.
Colloidal semiconductor quantum dots ͑QDs͒ are fluorescent nanoparticles used for imaging of biological particles over multiple physical scales, from the molecular 1 up to the organ level. 2 QDs feature favorable photophysical properties for biological imaging, such as high photostability, a broad excitation spectrum, and a fluorescence emission spectrum that is both narrow and tunable by size and material composition. 3 Additionally, the relaxation dynamics of QDs have been rigorously explored, [4] [5] [6] demonstrating fluorescence emission lifetimes ͑ Ͼ 10 ns͒ that are measurably longer than that of organic fluorophores and background autofluorescence ͑ϳ0.1 to 5 ns͒. In the presence of background, the long QD lifetimes allow for improved selectivity via time-gated detection, a technique that has been exploited primarily for imaging QDs in cells or in solution. [7] [8] [9] [10] In particular, the long fluorescence lifetime may be harnessed for in vivo small animal imaging, 11 where autofluorescence is most prominent. Suppression of autofluorescence background may increase sensitivity and allow for high-throughput preclinical imaging of QDs. In this letter, we develop an imaging instrument optimized for time-gated QD imaging of multiple small animals.
The desired features of such an instrument include realtime imaging and wide-field illumination and detection for high-throughput imaging of one or more animals simultaneously. Time-gated detection may be employed to suppress background autofluorescence and maximize QD contrast. Furthermore, the system should be designed for imaging of red to near-infrared ͑NIR͒ QDs, owing to the reduced scattering and autofluorescence in this spectral range. 12 To meet these requirements, a wide-field ͑ϳ100 cm 2 ͒ NIR gated detection system ͑Fig. 1͒ was built to evaluate gated imaging approaches for high-speed imaging of longer fluorescence decay time ͑10 to 100 ns͒ molecular imaging agents in vivo. The imaging system consisted of a pulsed high-power 630-nm LED excitation array and a gated intensified CCD camera for fluorescence detection ͑details in figure caption͒. The excitation light was bandpass filtered with interference filters at 615Ϯ 20 nm to block excitation light that overlapped with the QD emission peak. Similarly, the collected light was filtered with an interference filter at 710Ϯ 25 nm on the lens of the image intensifier to pass only the QD emission wavelengths.
Two independent RF power amplifiers driven by phaselocked arbitrary wave form generators provided control wave forms for the intensifier gate and LED excitation. The excitation and detection gating timing sequences used in this study are shown in Fig. 1͑b͒ . Excitation light was pulsed at 2-MHz pulse repetition frequency with high electrical peak power ͑10 W͒ and low duty cycle ͑3%͒. Images that were equivalent to conventional fluorescence imaging, which normally uses continuous-wave ͑CW͒ excitation light, were synthesized on our system by overlapping the excitation pulse and intensifier detection window times during the image exposure. Alternatively, time-gated images were obtained by inserting a delay between the end of the excitation pulse and start of the detection window. The molecular imaging agent used in this study, QD705 ͑Invitrogen, Q21061MP͒, had a relatively long fluorescence lifetime ͑ Ͼ 20 ns͒ 13 compared to most tissue autofluorescence components ͑ϳ0.1 to 5 ns͒. 12 Thus, delaying the detection window increased rejection of scattered excitation light and fast-decay fluorescent emissions known to comprise a significant proportion of tissue autofluorescence. This gating scheme enhanced the contrast of the QD against autofluorescence background and backscattered excitation light.
During the experiment, the exposure time and imaging lens aperture were manually adjusted to utilize the dynamic range of the detection system without saturating the CCD camera. The optimal gate delay for contrast enhancement of QD705 was selected qualitatively and empirically during real-time imaging by visual examination of the image contrast obtained with different gate delays, on the order of ϳ50 ns, leading to attenuation of background autofluorescence. Exposure times ranged from 0.125 s for conventional ͑CW͒ fluorescence imaging up to 5 s for time-gated imaging of the lowest QD concentrations ͑0.25 nM͒. Longer exposure times were typically used for the QD-gated imaging because the emission intensity is exponentially lower with longer gating delays.
A stock solution of nontargeted QD705 was serially diluted with phosphate buffered saline ͑PBS͒ solution to concentrations between 0.06 and 10.0 nM. QD concentrations were measured with absorption spectrometry at 405 nm ͑Perkin Elmer Lambda 20͒ within 24 h of the imaging study. The solutions were pipetted into a well plate in order to measure the instrument linearity and sensitivity in the absence of background fluorescence, as shown in Fig. 2 . The lowest concentration ͑0.06 nM͒ was easily discernible from the instrument noise floor, and the signal was linear over the response of the 8-bit camera.
In vivo imaging was performed in accordance with a protocol approved by the Institutional Animal Care and Use Committee at GE Global Research. QD-in-PBS solutions were diluted 1:1 by volume with Matrigel ͑BD Biosciences͒ to 50 L immediately prior to subcutaneous injection in multiple separate locations along the back of three anesthetized nude mice ͑Charles River Laboratories͒. The Matrigel is used to keep the QDs relatively well contained at the site of injection in vivo. The CW image of QD-Matrigel injections in 10 locations along the backs of three nude mice ͓Fig. 3͑a͔͒ detected fluorescent inclusions from the injection sites where relatively higher concentrations of contrast agent ͑on the order of 2.5 nM͒ were present. However, lower concentration injections were not discernable from the background autofluorescence of the mouse skin using CW fluorescence imaging. In comparison, data obtained with time-gated imaging on the same mice ͓Fig. 3͑b͔͒ had greatly improved contrast of the QD inclusion relative to background, allowing detection of QD concentrations down to 0.25 nM. Total fluorescence intensity was decreased substantially with gating, requiring 5 to 10ϫ longer exposure times to obtain image intensities equivalent to CW images.
Overall, in vivo image contrast ͑defined as signal in a region of interest divided by autofluorescence background͒ increased by a factor of 3 to 10 through time-gated detection. This improved the detection limit by ϳ10ϫ, from 2.5 nM to 0.25 nM of QD705 in 50-L injections ͓Fig. 4͑a͔͒. However, considering that the gate delays were adjusted empirically to maximize image contrast, measurement of absolute intensities does not directly correlate to QD concentrations. Histograms of the measured background autofluorescence ͓Fig. 4͑b͔͒ indicate that gating reduced the background intensity while increasing its uniformity. Reduced background intensity ͑i.e., histogram mean, lowered from 33.0 to 7.46͒ improved visualization of the QD inclusions. Contrast enhancement observed with gated imaging was also due in part to a significant increase of the background autofluorescence uniformity ͑i.e., histogram width, lowered from 13.6 to 3.54͒ in the regions of the mice where QDs were absent. This increased uniformity in the gated background markedly enhanced visualization of QD inclusion sites with little difference in the absolute pixel intensities between the background and QD regions. The improved uniformity ͑ϳ4 ϫ ͒ after time-gating may be related to the distribution of long-lifetime versus short-lifetime endogenous fluorophores in vivo, since the shorter-lifetime fluorophores are more abundant and thus generate a greater intensity variation. For example, the digestive system contributes substantially to short lifetime ͑ Ͻ 1 ns͒ background fluorescence from both endogenous sources as well as food. Given the high irradiance ͑up to 20 mW/ cm 2 ͒ at the sample, significant excitation light penetrates through the skin, resulting in a large portion of the measured emission intensity variation even though internal organs were not directly exposed during imaging.
In summary, we have demonstrated a time-gated imaging system for whole-body imaging of QDs in living animals. Lifetime-sensitive imaging offers advantages over continuous-wave ͑CW͒ imaging, 11, 14, 15 from revealing interactions of dyes with their local microenvironment to reducing background, but often requires substantially longer image acquisition times. Compared to previous studies, our system pa- rameters were optimized for high-speed imaging of multiple mice and suppression of autofluorescence. The increase in image contrast resulting from reduced background autofluorescence enables high-sensitivity imaging of living small animals with high throughput. Time-gated imaging is especially advantageous for suppression of short-lifetime autofluorescence to enhance luminescence from longer lifetime molecular imaging agents such as QDs, porphyrins, and lanthanides. 16 Despite the appreciable improvement in contrast, gated imaging also suppressed a portion of the target fluorophore emission. This required the use of a more sensitive photodetector than what is typically used with conventional fluorescence imaging, as well as longer image exposures to collect sufficient light to form an image. Furthermore, additional electronic components such as a gated intensifier, RF power amplifiers, and phase-locked function generators were required for pulsed excitation and gated detection, increasing the relative cost and complexity compared to conventional fluorescence imaging. Thus, time-gated methods are not likely to replace conventional imaging of QDs, but they may serve a complementary role in specific applications where the fluorescence intensity is smaller than the background tissue autofluorescence. Additionally, by collecting images while stepping the gate delay, the fluorescence lifetime decay curve may be measured to provide biochemical information. 17 Time-gated imaging may be combined with multispectral detection 2 to allow for discrimination of QDs along both temporal and spectral dimensions. 
